The study of the extent of the connection between areas where populations of birds breed 24 and areas where they winter has flourished in recent years mainly thanks to the 25 development of new techniques, but also due to traditional ringing and recovery schemes, 26 which allow tracking of individuals or populations linking wintering and breeding 27 distributions. Currently, studies on migratory connectivity focus on retention of breeding 28 population spatial structure on the non-breeding grounds and vice versa. 29
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Here we propose a method to quantify migratory connectivity based on Mantel 30 correlation coefficients and to statistically test for deviations of the observed connectivity 31 from a random mix of individuals. In addition, we propose a procedure, based on 32 clustering algorithms, to identify whether observed connectivity depends on aggregation 33 of individuals or on rigid transference of distribution patterns between areas. 34
We applied this method to a large dataset of ringing recoveries of barn swallows 35 (Hirundo rustica L) migrating from their Western Palearctic breeding areas to sub-36 Saharan winter quarters. We show that migration of barn swallow populations connects 37 specific breeding and wintering areas, and that the 'sub-populations' quantitatively 38 identified by our method are consistent with qualitative patterns of migratory connectivity 39 identified by studies of individual geographical populations based on other methods. 40
Finally, we tested the performance of the method by running simulations under different 41 scenarios. Such simulations showed that the method is robust and able to correctly detect 42 migratory connectivity even with smaller datasets and when a strong geographical pattern 43
is not present in the population. Our method provides a quantitative measure of migratory 44 A qualitative measure of migratory connectivity has been proposed by Webster et 64 al (2002) , who argued that "strong" connectivity occurs when most individuals from one 65 breeding population move to the same non-breeding location, while a "weak" or "diffuse" 66 connectivity occurs when individuals from a single breeding population spread through 67 several non-breeding grounds. Statistical approaches that have been proposed to quantify 68 migratory connectivity are based on the same procedure that is commonly used to solve 69 the problem of the "derivation of harvest" in waterfowl management (Marra et al 2006) . 70
They imply the definition of transition probabilities that describe how individuals from a 71 breeding population move to each wintering location and the calculation of conditional 72 probabilities of derivation of an individual from a given site ("origin probabilities") using 73
Bayes' Rule (Marra et al 2006) . This procedure, however, requires an a priori 74
Analysis of migratory connectivity 174 175
From geographical coordinates of individuals both in the breeding and wintering grounds, 176
we calculated two matrices of orthodromic distances (i.e. the minimum path on the 177 surface of the Earth), between all pairs of barn swallows both in the breeding and the 178 wintering quarters (see Fig. 1 
for further details). 179
Mantel correlation coefficient (r M ) was used to test for the correlation between 180 orthodromic distance matrices. It corresponds to a simple Pearson product moment 181 correlation coefficient between the two matrices, whose significance is assessed with a 182 m a n u s c r i p t 10 randomization procedure because distances between individuals within each distance 183 matrix are not statistically independent (Sokal and Rohlf 1995) . We randomly permutated 184 the position of individuals at the breeding grounds 999 times; for each permutation, a 185 distance matrix was calculated and its correlation coefficient with the actual distance 186 matrix of individuals at the wintering grounds was calculated. The significance of the 187 observed Mantel coefficient was determined based on its rank in the set of the 188 coefficients from the randomization procedure as P = [(1000-rank)/1000]. 189
The analysis of the spatial structure of the dataset was based on a cluster detection 190 approach. First, we combined the two distance matrices into one by computing, for each 191 pair of individuals, the square root of the sum of their squared orthodromic distances at 192 the breeding and wintering grounds. This measure can be considered an overall distance 193 index similar to the Euclidean distance between two points that also takes the round 194 shape of the Earth into account as it is based on orthodromic distances. The second simulation aimed at testing the ability of the method to detect 244 migratory connectivity arising from a clustered structure in the population. Two clusters 245 of 100 individuals were generated. The position of individuals within each cluster both in 246 the breeding and in the wintering grounds was randomly determined. Hence, no pattern 247 transference existed within each cluster. At each run of the simulation, the distance 248 between cluster centres in the wintering and/or in the breeding grounds increased by 1 SD 249 from 0 (i.e. clusters superimposed both in the breeding and in the wintering grounds) to 250 10 SD, so that this simulation was run 121 times. 251 
A c c e p t e d m a n u s c r i p t Results 283
Simulations 284 In all the 41 runs of the first simulations, a highly significant Mantel correlation 285 coefficient was found (r M < 0.001 in all cases). No cluster structure was present in the 286 data and therefore classification of individuals into clusters was not relevant. 287 Fig. 2 summarizes the results of the second simulation. In 14 cases, the method 288 failed to detect connectivity, i.e. both the Mantel correlation coefficient was not 289 significant and the oasw value was lower than 0.5. In all these cases, the distance between 290 cluster centres in one area was 0 or 1 SD. Clusters generated as random determination 291 from a bivariate Gaussian are roughly circular and about 90% of individuals lie within 2 292 SD from the centre. Hence, a distance of 1 SD between cluster centres implies that at 293 least 60% of individuals lie in the common area. We note that no within-cluster pattern 294 transference occurred in this simulation, so that non-significant Mantel coefficients were 295 expected when clusters were close together. In another 14 cases the oasw value did not 296 indicate a reasonable structure in the data, but the Mantel coefficient was significant. In 297 all these cases the two clusters partly overlapped at least in one area. However, also in 298 these cases more than 90% of individuals were correctly classified in two clusters. 299
Mantel correlation coefficient was significant in all the 121 runs of the third 300 simulation. In 24 cases, always with partly overlapping clusters, oasw values did not 301 reveal a reasonable structure in the data albeit only in 10 cases cluster analysis correctly 302 classified less than 90% of individuals. 303
304
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The Mantel correlation coefficient for the "All" dataset was 0.0247 ( Fig. 3a) . In the 306 randomization procedure we obtained 54 times a correlation coefficient larger than the 307 observed one. Migratory connectivity should therefore be considered marginally non-308 significant (P = 0.054). However, the oasw value suggested a "reasonable" structure with 309 two clusters that also emerged from the analysis of the data subsets (see below). For this 310 reason, we identified two clusters that are shown in Fig. 4a and pictorially in Fig. 5a . The 311 corresponding silhouette plot is shown in Fig. 6 . Mean orthodromic distance between 312 individuals in Europe was 1358.16 (941.673 SD) km (range 0-5400.34 km) while in 313
Africa it was 1493.67 (1553.880 SD) km (range 0-6192.57 km). Hence, distances in both 314 ranges were similar, and the pattern of distribution in the two ranges had similar effects 315 on cluster detection and composition. Cluster All.1 mainly included barn swallows 316 breeding in South-Western Europe and wintering from Liberia to Uganda, while cluster 317
All.2 was mainly constituted of barn swallows from Northern Europe that winter south of 318 the Equator, from Zaire to South Africa. The clusters partly overlap at the breeding 319 grounds while they are well separated in the wintering grounds. 320
Mantel tests showed a significant migratory connectivity for cluster All.2 and a 321 marginally non-significant connectivity for cluster All.1 that, however, showed an oasw 322 of 0.433 (i.e. reasonably high) (Fig. 3) . We therefore analyzed the structure of both 323 clusters (see also Discussion) that could be divided into two sub-clusters each (All.1.1, 324
All.1.2, All.2.1 and All.2.2, pictorially shown in Fig. 5b ). In the next step of the analysis, 325 only clusters All.1.2 and All.2.1 could be further divided in two and six third-level sub-326 clusters, respectively. However, the results at this fine level were inconsistent between 327 data subsets (see below), and they are therefore not presented in detail. 328 A c c e p t e d m a n u s c r i p t 17
The "FP" subset showed a significant connectivity (n = 255, r M = 0.0701, P = 329 0.005). The oasw reached its maximum value (= 0.582) for two clusters, thus indicating a 330 reasonable structure in the data. At the second step of analysis, cluster FP.1 could be 331 divided into two second-level sub-clusters based on oasw value (n = 32, r M = 0.0768, P = 332 0.140, oasw = 0.484), while cluster FP.2 was significantly structured with two sub-333 clusters (n = 223, r M = 0.0670, P = 0.002, oasw = 0.510), none of which could be further 334 subdivided (details not shown). These results are consistent with the results of the 335 analysis of the "All" set of data. Indeed, all individuals classified in cluster FP.1 had been 336 classified in cluster All.1 and all individuals in FP.2 had been classified in All.2. At the 337 second level of analysis, only 3 individuals were misclassified. 338
The details of the results of the analysis of the "AE" set of barn swallows are 339 shown in Fig. 3b . The individuals showed significant connectivity and could be grouped 340 into two clusters that, in turn, were both structured in two sub-clusters. Sub-clusters 341 AE.1.1 and AE.1.2 showed non-significant connectivity, while AE.2.1 and AE.2.2 were 342 structured and could be divided into two and four third-level sub-clusters, respectively 343 (details not shown). However, as we did for the "All" dataset, we cautiously considered 344 the results only to the second step of the analysis. The results obtained from this selection 345 criterion were highly consistent with the results of the analysis of the "All" dataset at the 346 first level of analysis, and at the second level for cluster AE.1. Indeed only 3 out of the 86 347 individuals classified in AE.1 were classified in All.2, and 3 individuals of AE.1.2 were 348 classified in All.2.1. The partitioning of cluster AE.2 was not consistent with that 349 obtained from the "All" dataset. This was due to the small number of barn swallows (32) These largely consistent results could arise because of the geographical structure 365 that the barn swallow population showed in the winter quarters, with two latitudinally 366 well-separated main clusters. To further investigate the robustness and the generality of 367 our method we then re-ran the first level analysis on a partly simulated dataset. We 368 assigned to barn swallows classified in cluster All.2 a new position in the wintering 369 ground by adding to their actual latitude the difference in latitude between the centres of 370 clusters All.1 and All.2, while leaving unchanged longitude in the wintering grounds as 371 well as position in the breeding area (see Fig. 5 ). This partly de-structured our dataset. 372
Mantel correlation coefficient for this partly simulated dataset increased to 0.0519, P = 373 0.002. The cluster algorithm identified three rather than two first level clusters (oasw = 374 m a n u s c r i p t 19 0.5067), which however corresponded to cluster All.1, All.2.1 and All.2.2, respectively, 375 with only 31 out of 1103 individuals being misclassified. Hence, despite the weaker 376 geographical structure, our method was able to detect the cluster structure present in the 377 data. 378 In this study, we propose a novel approach to quantitatively and objectively investigate 381 migratory connectivity, which can be applied to any organism where clearly distinct 382 geographical ranges, corresponding to different phases of the life cycle, can be identified. 383
We also propose a method to quantify migratory connectivity based on the Mantel 384 correlation coefficient and a method to distinguish between two processes that can 385 generate the observed connectivity, i.e. distribution pattern transfer versus clustering of 386 individuals. In the event of clustering, we also propose a method to identify 'sub-387 populations' of individuals that tend to associate during the two phases of their life cycle 388 (e.g. breeding and wintering). 389
The number of studies focusing on 'migratory connectivity' has been increasing 390 rapidly in recent years, mainly due to an expanding set of techniques, but also due to new 391 analyses of data from 'traditional' mark-recapture methods, allowing identification of 392 breeding and wintering areas of several bird species. To date, however, quantitative 393 methods to estimate migratory connectivity have been based on the calculation of origin 394 probability of individuals from a priori identified geographical populations or areas. 395
These methods do not test statistically for the deviation of the observed patterns of 396 reciprocal distribution of individuals from a random mix. The method we propose, which 397 is based on relatively simple calculations and statistics, may thus contribute to fill this 398 gap. 399 A prominent feature of our approach is that the investigation of migratory 400 connectivity is not based on an a priori identification of breeding and wintering 'sub-401 m a n u s c r i p t 21 ranges', which may be difficult because several species show continuous distributions 402 both in the breeding and the wintering quarters. We propose that the identification of 403 highly connected ranges should be based on the actual distribution pattern of individuals. 404
This has the double advantage of reducing the subjectivity of the analysis and increasing 405 its biological realism by relying on inherent patterns present in the data. 406
In addition, we emphasize that our approach subtly differs from that based on the 407 a priori identification of separate sub-ranges. In fact, following that approach, the level of 408 connectivity would appear to differ depending on which of the different breeding and 409 wintering populations is currently under focus. Imagine, for example, a single group 410 (population) of individuals that breeds in an area (B) and winter in two well separated 411 areas (W1 and W2). B would be defined as moderately connected to either W1 or W2, 412 whereas both W1 and W2 would be defined as strongly connected to B. Thus, an 413 asymmetry is implicit in that approach, with a larger relevance usually given to the 414 breeding areas. Our approach solves this problem as equal relevance is given to each 415 distance matrix, and number and composition of groups of individuals is assessed a 416 posteriori by means of cluster analysis. In our approach, identification of sub-ranges and 417 highly connected areas follows from the identification of clusters of individuals that 418 connect regions by means of their migration. 419
Some of the features of our method deserve close consideration. First, the method 420 we used to combine the two distance matrices into the overall Euclidean distance matrix 421 implies that, for a given distance between two data-points in one range, their chances to 422 be classified in the same cluster declines as their distance in the other range increases. 423 This is desirable because, according to the symmetric approach that we are proposing 424 population cannot be partitioned into well-defined clusters. 438
The simulations we run under three different scenarios give further insights into 439 the interpretation of the results and the robustness of this method. First of all, the Mantel 440 correlation coefficient is able to detect connectivity due to distribution pattern 441 transference even when a large random noise is added to the data. This clearly emerges 442 from the results of the first and the third simulations. In the second and third simulation, 443 oasw values lower than the suggested threshold of 0.5 were recorded in several runs 444 where a cluster structure could then be identified, as indicated by the fact that the same 445 clustering algorithm was able to detect the correct number of clusters and to correctly 446 classify more than 95% of individuals in all but 18 simulations of the second and third 447 m a n u s c r i p t 23 type. In all cases where the method failed to detect connectivity, the distance between 448 cluster centres was not larger than 3 SD in one area and not larger than 2 SD in the other, 449 implying that the grouping structure was obscured by the fact that about 13% of 450 individuals mixed in one ground and about 60% in the other (details of this calculations 451
are not shown for brevity). On the other hand, Mantel correlation coefficients seemed 452 rather sensitive in detecting a structure in a population also when it arose from grouping 453 of individuals. Based on these results, we suggest to always investigate the cluster 454 structure of a population when the Mantel test is significant, and to use the value of the 455
Mantel correlation coefficient as a measure of migratory connectivity. In addition, we 456 tentatively suggest to investigate the structure of a group of individuals when the oasw is 457 larger than 0.4, since, based on our simulations, the suggested threshold of 0.5 may be too 458 high. We admit, however, that further investigation is needed to identify an optimal 459 threshold for the oasw value. 460
Our method can be widely applied to different kinds of data about migratory birds 461 (and other migratory animals). Indeed, this method of analysis is applicable to any pair of 462 matrices of distance indices between individuals and not to geographical distances only. The two matrices derived from isotopic profiles of newly moulted and old feathers should 473 be readily suitable for the analyses proposed here. Likewise, our method could be applied 474 to a matrix of isotopic profiles produced in winter and a second matrix of genetic markers 475 for the same individuals reflecting the population genetic structure of individuals at the 476 breeding grounds. We emphasize, however, that our method could be applied to distances 477 in the isotopic profiles and/or genetic distances provided that they are univocally related 478 to geographic distances between individuals. For example, deuterium values in North 479
America vary along a latitudinal gradient and were therefore used to study migration of 480 birds moving in a north-south direction (Hobson 2005) , but this may not the case for 481 other areas or other isotopes, like 13 C and 15 N in Africa, which provide habitat-specific, 482 rather than geographic area-specific markers (Møller and Hobson 2003) , so that distance 483 in isotopic composition may not reflect true geographic distance between individuals. As 484 concerns genetic distances, these usually fulfil the criterion because isolation by distance 485 is a common feature of such distances. 486
We applied our method to a large ringing and recovery dataset of a Palearctic 487 migratory bird species that has been subject to intensive ringing programmes. We found 488 that the Western Palearctic breeding population of barn swallows is structured into two 489 main 'sub-populations'. The first population breeds in South-Western Europe and winters 490 in an elongated belt from Liberia to Uganda, while the second population breeds in 491
Northern Europe and winters south of the Equator. A second level of analysis showed 492 that both main groups could be split into two sub-groups. Barn swallows breeding in 493 A c c e p t e d m a n u s c r i p t 25 South-Western Europe could be divided according to segregation in the wintering 494 quarters with a first sub-group including barn swallows wintering from Liberia to 495
Cameroon and a second including barn swallows that winter from Cameroon to Uganda. 496
Conversely, the second main group can be divided according to segregation in the 497 breeding grounds, with a first sub-cluster that includes barn swallows mainly breeding in 498
North-Eastern Europe and a second group including barn swallows that breed in North-499
Western Europe (Fig. 5b) . 500
This pattern was identified based on the entire dataset (1103 individuals), 501 although the analyses were possibly confounded by the fact that either breeding and 502 wintering ringing or recovery could partly refer to migrating individuals. In addition, 503 differences in ringing effort at each ringing location may skew the results as the number 504 of ringed birds recovered at each location can be considered proportional to capture 505 effort. This problem could be exacerbated by the fact that larger ringing effort may be 506 devoted in areas with higher bird densities. Unfortunately, no quantitative measure of 507 ringing effort was available so it was impossible to correct for this potential bias. 508 However, the analyses based on different subsets of data identified according to 509 increasingly conservative criteria gave largely consistent results to those based on the 510 entire dataset, suggesting that the analysis was robust to the interference of different 511 potential sources of bias and even sample size. However, for several bird species less 512 than 200 recoveries may be available and small sample size may reduce the power of the 513 tests. Further theoretical as well as simulation studies are therefore needed to assess the 514 effect of sample size on the detection of migratory connectivity. However, some 515 preliminary results indicate that this method is robust when at least 35 recaptures are 516 m a n u s c r i p t 26 available (R. Ambrosini, unpublished results). In addition, we emphasize that our main 517 goal was to propose a method to quantify migratory connectivity, and that this large set of 518 real data was only used to exemplify its application. 519
Despite these potential drawbacks, the results of the present analysis of 520 connectivity can be qualitatively compared to the results obtained using different 521 A c c e p t e d m a n u s c r i p t 
